In this study, the influences of injection timing and EGR on combustion and emissions characteristics of biodiesel
combustion performance and emissions characteristics of gasoline-MF blends on a spark ignition (SI) engine [29] and thus disclosed low fraction MF addition into gasoline behaved better than gasoline-MF blends. Daniel et al. [30] investigated engine performances on a DISI engine fueled with ethanol, DMF, MF as well as gasoline. They found MF behaved better burning performance than DMF or gasoline, but higher NOx emissions from MF remained to be solved. In this study, the impacts of biodiesel, biodiesel-MF as well as biodiesel-ethanol on combustion characteristics, HC and NOx at various injection timings and EGR ratios under low engine load on a diesel engine were studied. Unregulated emissions could produce a great threat to human health and thus other living creatures [10] . Therefore, unregulated emissions like1,3-butadiene as well as acetaldehyde was investigated. Based on the investigation above, suitable injection timing and EGR ratio could be applied to improve the process of combustion and emission for biodiesel/MF blends. 
Experiment 2.1. Engine layout and instrumentation

Fig. 1 Illustration of engine layout and instrument
The tests were conducted on a modified DICI engine with water-cooled, 4-cylinder, 4-stroke, which was equipped with a common rail fuel injection system as shown in Fig.1 . The engine main specifications were illustrated in Table 1 . An eddy current (EC) dynamometer was used to keep engine speed constantly at 1800 rpm (±5 rpm) (the engine operated stably at 1800 rpm) and regulate engine torque output. Using an Electrical Control Unit (ECU) to control and monitor the engine operating parameters, such as injection fuel quantity and injection timing. Moreover, high pressure cooled EGR system was applied and EGR ratio was controlled via combination control of air-throttle and EGR valve, while EGR ratio was defined as the percentage of CO 2 concentration in intake air as a percentage of the CO 2 concentration in exhaust gas. In-cylinder pressure signals are collected via a Kistler 6025C pressure transducer installed in cylinder head. These signals first transmitted to a charge amplifier and next to a CB-466 combustion analyzer. A hundred continuous cycles of samples gauged with an interval of 0.25 CAD so as average measurements of data and then in-cylinder pressure curve could acquire. Moreover, heat release rate (HRR) was calculated according to the first thermodynamic law [31, 32] . The temperature (25±1 o C) and intake air pressure （0.1MPa） were respectively adjusted by an air conditioning system and an additional compressor.
Using an AVL gas analyzer to measure gaseous emissions while the accuracy of HC and NOx are 1 ppm and 0.1%, respectively. Various unregulated emissions were gauged via a gas chromatograph (GC) which were accurate to 0.1 ppm. Furthermore, relative uncertainties about primary measure were shown in Table 2 . 
Test fuels and experiment procedures
The fuels used in this experiment include neat biodiesel as well as biodiesel/MF, with relative properties shown in Table 3 . MF mixed with biodiesel in a fraction of 10% and 20% (by mass), marked as BM10 and BM20, respectively. Meanwhile, pure biodiesel was used for comparison.
This experiment was conducted under 30% engine load corresponding to BMEP at 0.38 MPa. The thermal value in every cycle should be consistent to better investigate the impact of fuels properties on combustion performance and emissions. Therefore, this experiment needed to adjust injected fuel mass to keep the same energy input due to the different low heating values of various test fuels. In addition, the experiment was operated at various EGR ratios and injection timings. Firstly, the EGR valve should be closed and the start of injection (SOI) time was adjusted from 2.5 to 22. CA BTDC, while EGR ratio were controlled at 0%, 6%, 17%, 23% and 30%, respectively. In order to ensure test data reliable and repeatable, engine was first warned to a stable situation under each operating condition. Meanwhile, cooling water temperature and lubricating oil were respectively maintained at 86 o C and 85 o C. Moreover, after changing to another fuel, the engine needed to operate around 15 minute before data acquirement to guarantee new added fuel not polluted by the remains of the last operating condition. CA BTDC, the atomization of most test fuels occurred after TDC in the expansion stroke while both in-cylinder pressure and temperature were low under this condition, prolonged ignition delay. With injection timing in advance, the time of fuels atomization increased so as to easily reach the condition of auto-ignition, shorten ignition delay. When injection timing was up to 22.5 o CA BTDC, both in-cylinder pressure and temperature were low so that fuel atomization was suppressed, extended ignition delay. Besides, with MF fraction increasing, ignition delay of biodiesel-MF blends was gradually prolonged, which could be attributed to high latent heat of evaporation and auto-ignition temperature. Fig.2 (b) showed the variations of combustion duration which was defined as crank angle from 10% to 90% of total heat release. With injection timing in advance, combustion duration presented the opposite trend to ignition delay. The ignition delay was prolonged so as to expand premixed combustion ratio while diffusion combustion ratio was significantly reduced, shorten combustion duration. As is known, oxygen in fuels can promote the process of chemical reaction to raise combustion rate. Compared with biodiesel, combustion duration of BM10 and BM20 were shorter because of higher oxygen content. Moreover, combustion duration of BM20 is shorter compared to BM10. On the one hand, higher oxygen content promoted the process of combustion during the combustion duration. on the other hand, the longer ignition delay of BM20 produced more premixed gas so as to make higher combustion temperature and pressure which could boost combustion, shorten combustion duration. Fig. 3(a) displayed the variations of ignition delay with various EGR ratios. With the rise of EGR ratio, ignition delay of the whole test fuels raised. This trend might be explained by following reason. The increasing EGR ratio gradually decreased oxygen concentration in the cylinder, which made it more difficult to reach the condition of auto-ignition, thus prolonged ignition delay. Under all EGR ratios, both BM10 and BM20 had longer ignition delay than biodiesel because low cetane number of MF addition into neat biodiesel raised auto-ignition temperature of the blends. Fig. 3(b) showed the variations of combustion duration under various EGR ratios. With the rise of EGR ratio, combustion duration of all the test fuels rose. This tendency could be mainly described as following aspects. With EGR ratio increasing, on the one hand, the premixed combustion ratio raised while diffusion combustion proportion reduced relatively, leading to the reduction of combustion duration. On the other hand, the oxygen concentration in the cylinder decreased and thus reduced combustion rate. In addition, the inert gas from EGR increased and retarded the chemical reaction rate, which prolonged combustion duration. Moreover, the later factor was dominant under the operating condition.
Fig. 3 Effects of EGR ratio on ignition delay and combustion duration time
In-cylinder pressure and HRR for three fuels at various injection timings as well as EGR ratios shown in fig.4. From fig.4 , peak in-cylinder pressure rose and appeared ahead with the advance of injection timing from 2.5 to 22.5 o CA BTDC. The injection timing in advance could make injected fuel Fig. 4 Effects of injection timing on in-cylinder pressure and HRR of Biodiesel/BM10/BM20 adequate time to mix with air. Therefore, there were more premixed gases in the cylinder when condition of auto-ignition was reached, led to an increase of peak value of in-cylinder pressure because of considerable mixture burning together in the cylinder. As for the injection timing at 2.5 o CA BTDC, most of fuels burned after TDC in the expansion stroke, which caused lower proportion of constant volume combustion so as to significantly decline peak value of in-cylinder pressure. Liu et al. [34] made a similar experiment conclusion. The maximum HRR first decreased and then raised with injection timing in advance. The advance of injection timing could lead to more mixture burning in premixed phase so that maximum HRR increased. When injection timing at 2.5 o CA BTDC, in-cylinder combustion temperature was slightly low because most fuels burned during expansion stroke. However, due to the too long ignition delay, plenty of premixed gases burned together and instantly released considerable heat. Therefore, the maximum HRR was slightly high at this condition. With EGR ratio increasing, peak value of in-cylinder pressure gradually decreased. At the same time, the appearance of peak in-cylinder pressure corresponding to the crank angle was gradually deviated from the TDC (as shown in fig.5 ). The tendency could be explained by following reasons. Firstly, with EGR ratio increasing, the concentration of in-cylinder oxygen decreased, prolonging ignition delay while declined combustion rate. Meanwhile, the inert gas from EGR increased and thus retarded chemical reaction rate, led to the reduction of peak in-cylinder pressure. Secondly, the exhaust gases raised specific heat capacity of intake gas, which decreased peak value of in-cylinder pressure. As for maximum HRR, with the rise of EGR ratio, the ignition delay was slightly prolonged and more premixed gases burned so that the maximum HRR gradually increased. However, combustion rate was significantly declined with EGR ratio further increasing, led to the reduction of maximum HRR.
Fig. 5 Effects of EGR ratio on in-cylinder pressure and HRR of Biodiesel/BM10/BM20
Brake specific fuel consumption (BSFC) and brake thermal efficiency (BTE)
Fig. 6 Effects of injection timing on BSFC and BTE Fig. 6 presented effects of injection timing on BSFC and BTE for the whole test fuels. With injection timing in advance, the BSFC of the whole fuels decreased first and then increased while BTE had an opposite trend. When injection timing at 2.5 o CA BTDC, most of fuels burned away from TDC and led to burning deterioration, thus increased BSFC while reduced BTE. With injection timing in advance, the combustion process was gradually improved. When injection timing at 22.5 o CA BTDC, most of fuels burned before TDC and thus increased compression negative work, resulted in the rise of BSFC and the reduction of BTE. Besides, compared to biodiesel, the BSFC of biodiesel-MF blends were lower. MF addition into biodiesel improved the atomization effect of blends while raised oxygen content in fuels, which could boost the combustion process and thus reduced fuel consumption. Meanwhile, with rise of MF fraction, biodiesel-MF blends increased gradually. Fig. 7 displayed the influences of EGR ratio on BSFC and BTE for all test fuels. With EGR ratio raising, BSFC rose gradually while BTE decreased for the four fuels. The trend could be explained by following reason. The oxygen concentration in cylinder decreased with EGR ratio increasing, thus suppressed the progress of the combustion process. Compared with biodiesel, BM10 and BM20 possessed high oxygen content and thus promoted more fuels complete combustion to reduce the BSFC, while increased the BTE.
Fig. 7 Effects of EGR ratio on BSFC and BTE
Regulated and unregulated emissions characteristics
NO X emissions under various injection timings presented in Fig. 9(a) . With injection timing increasing, NO X emissions presented an increasing tendency for all test fuels. Fernando [35] et al. found the formation of NOx emissions was mainly influenced by high in-cylinder temperature, oxygen concentration as well as enough reaction time. The advancement of injection timing was able to increase in-cylinder temperature. Meanwhile, the earlier injection of fuels could prolong reaction time in the cylinder, which was beneficial to the rise of NOx production. Moreover, high oxygen content in fuels could also promote the production of NOx. Therefore, with a rise of MF fraction, NO X emissions emitted from blends raised except at 2.5 o CA BTDC. Fig. 8(b) presented the trend of NO X emissions at various EGR ratios. When EGR ratio increased, the inert gas from EGR increased and thus absorbed more heat in the cylinder while reduced in-cylinder combustion rate, caused the reduction of in-cylinder temperature. In addition, the rise of EGR ratio enhanced the dilution of exhaust gas. The effect caused the reduction of in-cylinder oxygen concentration, which destroyed the conditions for the formation of NOx. Moreover, compared with biodiesel , both BM10 and BM20 emitted more NOx emissions due to higher oxygen content. Fig. 9 showed CO emissions under various injection timings and EGR ratios. With advance of injection timing, CO emissions reduced gradually. Especially at 2.5 o CA BTDC, BM20 appear combustion deterioration which leading to producing more CO emissions. While CO emissions raised with increasing of EGR ratios. Compared to biodiesel, BM10 and BM20 produced lower CO emissions because higher fuel-oxygen could promote the oxidation of CO. Fig. 9 Effects of injection timing and EGR ratio on CO emissions Fig. 10(a) showed HC emissions under various injection timings. With the advance of injection timing, HC emissions reduced first and then increased for all test fuels. With rise of MF fraction, HC emissions reduced except for 2.5 o CA BTDC. It could be explained by following seasons: firstly, the penetration distance of biodiesel was longer than the rest fuels due to higher kinematic viscosity so that injected biodiesel was sprayed into the squeezing zone. Therefore, the wall oil film was easily formed on the cylinder wall or the top surface of piston and thus part of the fuel was not completely burned, resulted in increasing oxidized HC. Secondly, high oxygen content in the blends could promote the oxidation of HC so that BM10 and BM20 emitted less HC emissions. Fig.10 (b) showed HC emissions at different EGR ratios. As EGR ratio increased, HC emissions gradually increased. This could be explained by following reasons. With EGR ratio increasing, ignition delay of fuels was significantly prolonged and in-cylinder temperature was low, thus combustion rate was decreased. Before the flame reached the wall, both in-cylinder temperature and pressure were decreased due to the expansion, and thus combustible mixture was quenched in a large volume to form more HC emissions. In addition, the exhaust gas dilution effect and the heat capacity effect caused oxygen concentration in the cylinder to decrease, resulted in an increase in HC emissions that were incompletely oxidized.
Fig. 8 Effects of injection timing and EGR ratio on NO X emissions
Fig. 10 Effects of injection timing and EGR ratio on HC emissions
Fig. 11
Effects of injection timing and EGR ratio on 1,3-butadiene emissions 1,3-butadiene emissions were related to a rise of injection timing displayed in Fig. 11(a) . With injection timing in advance, 1,3-butadiene emissions gradually reduced. It could be attributed to increasing in-cylinder burning temperature which improved the post oxidation of 1,3-butadiene, which helped to decrease 1,3-butadiene emissions. Zervas et al. [36] did a detailed research on the formation mechanism of 1,3-butadiene. They found that fuels containing more linear hydrocarbons were more prone to dehydrogenation and β-cleavage reactions during combustion, which was beneficial to produce more 1,3-butadiene emissions. Meanwhile, High-oxygen additive could be beneficial to improving burning degree and further promoted the oxidation of 1,3-butadiene. Biodiesel contained low linear hydrocarbon structures and thus emitted less 1,3-butadiene emissions. Moreover, MF addition into biodiesel reduced linear hydrocarbon contents while raised oxygen contents in fuels. Therefore, BM10 and BM20 produced less 1,3-butadiene emissions than biodiesel.
Besides, with EGR ratio increasing, 1,3-butadiene emissions decreased first and then increased gradually for all test fuels (seen Fig. 11(b) ). 1,3-butadiene is a product of incomplete burning of fuel. As EGR ratio increased, ignition delay became longer and thus the mixture of fuel formed during the deflagration period was more uniform, which was conducive to promote complete combustion so that 1,3-butadiene emissions reduced. However, with EGR ratio further increasing, the amount of exhaust gas introduced into cylinder per cycle increased and the dilution effect of exhaust gas caused oxygen concentration in the cylinder to decrease, which inhibited complete combustion of fuel and thus increased 1,3-butadiene emissions. Fig. 12(a) showed acetaldehyde emissions at various injection timings. With injection timing in advance, acetaldehyde emissions had similar tendency with 1,3-butadiene emissions. Biodiesel emitted a lot of acetaldehyde emissions. Firstly, biodiesel contained a large number of compounds with short carbon chain and linear structure, which were easily converted into aldehyde gases during burning. Secondly, biodiesel was mainly fried and refined from waste animal and vegetable oils. During the frying process, lots of aldehyde gases were produced while these aldehyde gases still existed in the biodiesel. In addition, the main component of biodiesel is fatty acid methyl ester and the carbonyl group contained therein is an important source of acetaldehyde production. Besides, the addition of oxygenated fuel to biodiesel reduced the proportion of biodiesel in the blends, thus reduced considerable acetaldehyde emissions. Meanwhile, oxygen atom contained in the fuel also contributed to the complete oxidation of acetaldehyde, thereby further reduced acetaldehyde emissions. With EGR ratio increasing, acetaldehyde emissions presented analogous trend to 1,3-butadiene emissions(seen Fig. 12(b) ). It could be explained by the effects of EGR just like it to 1,3-butadiene emissions.
Fig. 12 Effects of injection timing and EGR ratio on acetaldehyde emissions
Conclusions
The influences of injection timing and EGR on combustion performance and emissions characteristics for four fuels on a diesel engine studied under the condition of 0.38 MPa BMEP and engine speed constantly at 1800 rpm. 1. when injection timing at 2.5 o CA BTDC, both BM10 and BM20 appeared a combustion deterioration. 2. MF addition into biodiesel promotes the combustion process. Compared to biodiesel, BM10 and BM20 have lower BSFC and higher BTE. Meanwhile, the BTE of BM20 is higher than BM10. 3. With injection timing in advance, HC emissions first significantly decreased and then slightly increased. NOx emissions gradually increased while 1,3-butadiene and acetaldehyde emissions had an opposite trend. The emissions showed a relatively better degree when injection timing at 7.5 or 12.5 o CA BTDC. 4. With EGR introduced, NOx emissions effectively reduced while HC, 1,3-butadiene and acetaldehyde emissions increased. Moreover, EGR ratio within the scope from 6%-17% could be a suitable choice to decrease various emissions. 5. Biodiesel could be a suitable alternative applied in diesel engine. Moreover, MF with low viscosity and high oxygen content addition into biodiesel could show a better combustion performance and emissions characteristics. 6. Although BM10 and BM20 emitted more NO X emissions, introducing EGR could solve this problem.
